The Collison nebulizer (as well as its variations) has been widely used for generating fine aerosol droplets of a few microns from liquids of viscosity up to 1000 centipoise. It was originally developed for producing medical aerosols in inhalation therapy, and now has become an important component as pneumatic atomizer in the Aerosol Jet® direct-write system for additive manufacturing. Qualitative descriptions of its working mechanism were given in the literature as an expanding high-speed gas jet creates a negative pressure to syphon liquid into the jet stream, where the liquid is subsequently blown into sheets, filaments, and eventually droplets. But quantitative analysis and in-depth understanding have been lacking until rather recently. In this work, we present a logical description of the working mechanism of Collison nebulizer based on OpenFOAM ® CFD analysis of compressible jet flow in the jet expansion channel. The positive-feedback liquid aspiration mechanism becomes clear by examining the CFD results as the jet expansion channel geometry is varied. As a consequence, the output mist density can be rather insensitive to the liquid viscosity, which is illustrated by a set of experiments with the Collison-type pneumatic atomizer in an Aerosol Jet ® direct-write system. Thus, an intrinsic self-regulation mechanism is elegantly incorporated in the Collison nebulizer design. As intuitively expected, experimental data also supports the notion of the existence of an upper limit for liquid holdup in the limited space of jet expansion channel; therefore, the output mist density cannot increase indefinitely by increasing the atomization gas flow rate.
INTRODUCTION
The Collison nebulizer was introduced by W. E. Collison in the "inhaler" for the inhalation therapy (at a meeting of the British Medical Association in 1932). As shown in figure 1, it uses a high-speed jet of compressed air through a small orifice to create a reduced (or 'negative') pressure in the jet expansion channel that can syphon liquid from the reservoir into the jet stream, and to blow the liquid into thin sheets, filaments, and eventually droplets. Like typical two-fluid "air-blast" atomization process, the liquid droplets so generated have a wide range of sizes. Most of those droplets are too large for effective inhalation therapy (where the most desirable droplets are those with diameters of only a few microns, because larger droplets could not reach deep lung channels due to impaction and sedimentation losses whereas smaller ones could not be deposited onto lung channel walls due to lack of sufficient inertia). To sift out the microdroplets for the mist output, those atomized liquid droplets are carried by the jet flow toward the wall of nebulizer chamber, where large droplets with sufficient mass are deposited by inertial impaction. Consequently, only a small fraction (typically < 0.1%) of the liquid syphoned into jet stream can become fine enough droplets (e.g., < 5 m) to escape the wall impaction and flow out as the output mist [1] .
Because more than 99.9% of the liquid going through the atomization process goes back to the liquid reservoir, the liquid aspiration rate through the liquid syphon tube could substantially influence the nebulizer output mist density. Adequate liquid aspiration rate requires adequate negative pressure in the jet expansion channel. To obtain a given aspiration rate, a liquid with higher viscosity would require proportionally stronger negative pressure according to Poiseuille's law for channel flow. A recent CFD analysis based on the OpenFOAM ® C++ Toolbox revealed a self-regulating mechanism for liquid aspiration rate control [2] . Hence, the output mist density of the Collison nebulizer can be relatively insensitive to the liquid viscosity, to enable the Aerosol Jet ® direct-write system to print a great variety of ink materials for additive manufacturing [3]. Here, the behaviour of Collison nebulizer is discussed in the context of Aerosol Jet ® direct-write technology and the liquid material for atomization is often called "ink". When used in a manufacturing process, the Collison nebulizer (also called "pneumatic atomizer" in the Aerosol Je t® system) offers the * Corresponding author: jfeng@optomec.com attractive attribute of configuration simplicity with self-aspiration of ink material (which eliminates the need of an active pump). It is also capable of generating printable ink mist from a wide range of liquid materials by virtue of its relative insensitivity to the ink rheological properties. There is a great desire to gain in-depth understanding of the working mechanism of this type of pneumatic atomizer. But in the literature, the technical discussion about fluid dynamic fundamentals of Collison nebulizer performance remained scarce, despite its wide usage in a variety of applications.
In what follows, we begin by an analysis of the basic mechanism for liquid aspiration in the Collison nebulizer in view of our OpenFOAM ® CFD results [2] . Then, we discuss some general behaviour of the Collison-type pneumatic atomizer in Aerosol Jet ® printing for additive manufacturing.
The conclusions are presented at the end of this paper.
MECHANISM FOR LIQUID ASPIRATION
To bring liquid ink from the reservoir though liquid syphon tube up to the jet expansion channel for atomization, the magnitude of negative pressure in the jet expansion channel must be sufficient to overcome the hydrostatic pressure due to downward pointing gravity. In the standard Collison nebulizer configuration, the jet expansion channel is located about h = 20 mm above the liquid level in the reservoir (cf. Fig. 1 ). Thus we expect to have a hydrostatic pressure of inkg h ~ 400 Pa if the ink density ink is taken as 2 g/cc, g = 9.81 m s -2 and h = 0.02 m. Then, the atomization of ink should occur when the gas jet flow rate is above a threshold value that induces a negative pressure with magnitude P > 400 Pa.
The OpenFOAM ® CFD analysis [2] is based on an axisymmetric model of compressible gas flowing from an inlet channel through a small jet orifice into a jet expansion channel of larger diameter and then into a much larger atomization chamber with a solid wall at its end. The steady-state numerical solutions were computed with a compressible flow solver called rhoSimpleFoam with a k- turbulence model in the Reynolds Averaged Navier-Stokes equations. As a nominal model setting, the jet orifice has a diameter of D = 0.35 mm and the diameter and length of jet expansion channel are De = 1.5 mm and Le = 2.7 mm, to be consistent with the standard Collison nebulizer design [1] . Figure 2 shows that the jet velocity can approach 246 m/s (corresponding to a Mach number Ma = 0.746) at the exit of the jet orifice when the gas flow rate Q = 1200 sccm (where "sccm" stands for the "standard cubic centimeters per minute"). Then, the jet expands with velocity decreasing as it moves forward. A significant region of negative pressure with P ~ 1524 Pa indeed appears in the jet expansion channel, providing the syphoning effect for liquid aspiration. Noteworthy here is that the pressure field does not exhibit the similar structure as that of the flow velocity; the lowest pressure does not coincide with the highest velocity as anticipated from Bernoulli's principle. This phenomenon can be explained by a detailed examination of the gas flow field in the jet expansion channel where a back flow exists near the channel wall surrounding the jet, by virtue of mass conservation [2] . Due to viscous drag, the jet flow tends to bring more gas out of the jet expansion channel than what is supplied from the jet orifice, which creates a reduced local pressure to drive the back flow for compensating the jet depleted gas. As a consequence, a region of negative pressure must appear in the jet expansion channel.
Using the CFD model, the effect of gas flow rate on the negative pressure magnitude P can be conveniently examined. 
indicating Pg = 0.128 and 0.929 bar (where 1 bar = 10 5 Pa), Ma = 0.409 and 0.984 for Q = 650 and 1800 sccm. By varying jet expansion channel parameters from those for the nominal case, the effect of channel geometry can be investigated. For example, if the diameter of jet expansion channel De is reduced to 1.0 mm (from the nominal 1.5 mm), the fitted equation for P versus Q becomes Moreover, the CFD results also reveal the fact that increasing the jet expansion channel length Le can enhance P, consistent with the back flow mechanism in the jet expansion channel. This is because to sustain a given amount of back flow in a longer and narrower channel requires a greater pressure gradient [2] . Interestingly, the findings with OpenFOAM ® CFD analysis reveal a positive-feedback mechanism for liquid aspiration in the Collison nebulizer, depicted in Fig. 3 . At a low gas flow rate (e.g., Q ~ 650 sccm or so), the magnitude of negative pressure P may barely be enough to bring the liquid ink up to the jet expansion channel with a very low aspiration rate. As the liquid accumulates in the channel, the effective channel diameter for gas flow shrinks and subsequently P would increase, leading to greater liquid aspiration rate until a dynamic balance of the liquid holdup is established with the liquid removal rate by the blasting jet flow. With the increasing amound of liquid in the channel, the blasting gas velocity is also expected to increase until reaching a dynamic balance. As the liquid ink is blown out of the channel (in an air-blast atomization process), it forms liquid sheets, filaments, and eventually droplets when sheared by the high-speed jet flow.
Some early experimental measurements of a Collison nebulizer [1] showed liquid aspiration rate about 67 cc/min (per jet) for water. This requires an extra pressure difference of about 180 Pa over the syphon tube with a length of 20 mm and diameter of 1.5 mm, assuming a liquid viscosity of 1.0 cp based on Poiseuille's law, in addition to the 200 Pa of hydrostatic pressure (for a liquid density of 1,0 g/cc). Hence, a negative pressure of magnitude P = 380 Pa generated with a gas flow rate of Q ~ 600 sccm or with an "air pressure" Pg ~ 0.109 bar, according to (1) and (2), should be sufficient. But in reality, the gas flow rate used with the Collison nebulizer was typically Q > 2000 sccm [1] , with supersonic jet (Ma > 1) and P > 3000 Pa according to (1) and (2). This fact suggests that an upper limit for liquid holdup also exists in the finite space of jet expansion channel and as liquid in the channel increases beyond an optimal amount, the suction force for liquid aspiration diminishes. Thus, without active liquid pump, the Collison nebulizer produces a self-regulating mechanism for liquid aspiration in its atomization process.
PNEUMATIC ATOMIZER IN AEROSOL JET SYSTEM
As an additive manufacturing equipment, the Aerosol Jet ® system deposits ink material in a form of high-speed collimated mist stream of microdroplets [3], as shown in Fig. 4 . The diameters of those microdroplets, (typically in the range of 1 to 5 m) happen to be similar to those used in the inhalation therapy for the similar reasons. Thus, the output mist from the Collison nebulizer, once appropriately conditioned, can be used for Aerosol Jet ® printing, which has enabled various applications such as printed electronics on substrate of complex shapes, fabrication of antennas and sensors that conform to the 3D shape of the underlying substrate, etc. In fact, the Collison nebulizer can be used in an Aerosol Jet ® system directly as the atomizer in Fig. 4 (with a companion virtual impactor described as follows). Fig. 4 . Aerosol Jet ® direct-system system: (1) atomizer that generates mist of microdroplets of functional inks; (2) mist transport-conditioning channel that delivers a concentrated mist of ink microdroplets; (3) deposition head to form high-speed collimated mist stream through an aerodynamic focusing nozzle with sheath gas (with arrows indicating the mist carrier gas inlet and nozzle sheath gas inlet).
However, the typical mist flow rate (through a single ink deposition nozzle) for Aerosol Jet ® printing is often less than 500 sccm (depending on print feature size), whereas the Collison-type pneumatic atomizer outputs a mist at a much higher flow rate due to the requirement for atomization (i.e., typically with Q > 1000 sccm for producing desired mist density). To convert mist flow rate from the pneumatic atomizer output to that for Aerosol Jet ® deposition, a virtual impactor is used for mist flow conditioning with the minor flow through its collector being delivered to the Aerosol Jet ® deposition nozzle [3] . Because limited flow rate can be used for a given deposition nozzle size [4, 5] , high concentration of ink microdroplets in the mist flow (in terms of "mist density") is desired for high-throughput Aerosol Jet ® printing.
While removing the excess gas in the pneumatic atomizer mist output, the virtual impactor has been found to offer an extra benefit to increase mist density (as illustrated in Fig. 5 ) typically by a factor of 2 to 5. As intended for separating aerosol particle by their aerodynamic sizes, the virtual impactor has been designed based on the mechanism of inertial impaction. Due to their significant inertial effect, the large particles cannot follow the sharply bending streamlines of the "major" flow and are going straight through the "collector" with the "minor" flow, whereas relatively small particles move with the major flow to an exhaust outlet. The "cut-off" point that separates large and small particles can be adjustable by the inlet flow rate and the device geometry.
In applications for printed electronics, the pneumatic atomizer ink usually consists metal nanoparticles with polymeric "capping agents" suspended in solvents with a solid fraction >60 wt% and viscosity in a range of 20 to 1000 cp (depending on ink formulation) with a liquid ink density of 2 to 3 g/cc. One of the important performance indicators is the solid mass output from a deposition nozzle, in units of milligrams per minute (mg/min) as a measure of the print throughput. To remove the mist flow rate dependence, which can vary based on print feature size with different nozzle size, the value of mist density (as the solid mass deposition rate divided by mist flow rate) becomes a more meaningful indicator for evaluating the atomization performance.
To examine performance of the Collison-type pneumatic atomizer for Aerosol Jet ® printing, we measure mist density in the mist flow at the exit of deposition nozzle for a range of relevant atomizer gas flow rate Q. With a given mist output from the pneumatic atomizer, the mist density delivered to the deposition nozzle is known to depend on the mist flow rate which can influence the mist mass loss in mist transport channel due to gravitational wall deposition as well as impaction onto channel wall [6] . Therefore, we carry out the experiment using a fixed mist flow rate (e.g., at 75 sccm) to the deposition nozzle. This ensures the observed change in mist density, determined from the deposited ink mass when varying the atomization flow rate Q, to directly correlate to the pneumatic atomizer mist output (assuming the virtual impactor performance is relatively insensitive to the variation of atomization flow rate).
For a fixed mist flow rate to the deposition nozzle by varying the atomization gas flow rate Q, the mist density (mg/cc) can be determined as a function of the atomization flow rate. Shown in Fig. 5 is the relationship of mist density versus atomization gas flow rate for three different silver nanoparticle inks; one has a viscosity of 30 cp, another about 200 cp, and the other about 1000 cp (as measured with the Brookfield viscometer). Not surprisingly, the threshold gas flow rate for inception of ink atomization seems to be around 600 to 900 sccm.
It is quite clear that higher mist density can usually be obtained at a given atomization gas flow rate with inks of lower viscosity, especially for Q < 1500 sccm. However, the differences in mist density at a given Q for inks of different viscosity values are much smaller (i.e., within the same order of magnitude) than the viscosity value differences (over orders of magnitude). If we focus on the peak values of mist density, they can be rather comparable despite the ink viscosity varies over almost two orders of magnitude. As often observed with Aerosol Jet® printing, increasing the atomization gas flow rate in the Collison-type pneumatic atomizer does not yield significantly higher mist density beyond Q = 1300 sccm, except for the very viscous ink (e.g., that with viscosity ~1000 cp) which reaches the maximized mist density around Q = 2000 sccm.
From a simplistic theoretical point of view, the relationship among liquid aspiration rate Qink and liquid viscosity ink as well as the pressure difference P across the liquid syphon tube length Ls may be described by the Poiseuille equation
with Ds denoting the diameter of the liquid syphon tube. Thus the liquid aspiration rate Qink through the liquid syphon tube (of fixed Ds and Ls) could be maintained as an invariant if P increases proportionally to the increase of ink . In the context of Fig. 3 , we have discussed the mechanism of P increasing with the amount of liquid holdup in the jet expansion channel. Physically, the amount of liquid holdup is expected to increase with liquid viscosity because a more viscous liquid would become more difficult for the jet flow to remove liquid out of the jet expansion channel. Therefore, relatively higher P should appear when inks of higher viscosity are atomized. Then, the liquid aspiration rate Qink becomes rather insensitive to the ink viscosity, and this explains the experimental data illustrated in Fig. 6 .
However, it should be noted that inks of similar shear viscosity values may not always behave similarly in terms of atomizer output mist density. Other rheological properties, such as elasticity, extensional viscosity, as well as surface tension, can also significantly alter the atomization behaviour [7] . Detailed analysis of liquid atomization process, such as evolution of liquid sheets, filament, and droplets, for inks of different rheological properties, can certainly help gain important insights for further understanding and improving design of the Collison-like pneumatic atomizers. Yet this kind of efforts would be much more complicated and resource demanding than what can be pursued within the present research scope.
Although higher atomization gas flow rate Q tends to generate stronger suction force for ink aspiration as indicated by (1), optimal atomization performance is expected when the gas and liquid flow rates are adjusted to an appropriate ratio [7] . But the self-regulated liquid aspiration rate in Collison nebulizer may not always provide such an optimal "air-to-liquid ratio (ARL)" with different gas flow rates. In fact, experiments of Collison nebulizer output for water atomization at various gas flow rates show decreasing mist density with increasing gas flow rate when Q > 2000 sccm (per jet) [1] . Thus, maximum mist density is usually obtained with Q < 2000 sccm, although the actual atomization outcome can vary significantly with the art of ink formulation. Figure 6 also indicates that the pneumatic atomizer can produce a mist density that is rather insensitive to the ink viscosity (which is often an important parameter for atomization although the measured shear viscosity is not the only factor determining the atomization performance). Liquid inks of low viscosity can easily flow through the syphon tube into the jet expansion channel to establish such a dynamic balance between liquid aspiration and removal rates. Higher viscosity inks would require greater P for a desirable aspiration rate through the syphon tube at a given gas flow rate, but they are also more difficult to remove by the blowing jet flow. Thus, the liquid holdup volume is expected to increase in the jet expansion channel for inks of higher viscosity, yielding a greater P for adequate aspiration force. This could be the enabling mechanism for the Collison nebulizer to atomize inks of viscosities spanning more than two orders of magnitude with the gas flow rate (as well as the value of P according to (1)) varying only within a factor of 4 or so.
CONCLUSIONS
In view of the CFD results and available experimental data, the working mechanism and behaviour of the Collison nebulizer can be theoretically described in terms of fluid dynamics. The self-regulating liquid aspiration mechanism becomes clear by examining the CFD results as the jet expansion channel geometry is varied. The pressure gradient for liquid aspiration is shown to increase with reducing the jet expansion channel diameter, which is equivalent to syphoned liquid filling up the channel space. During the atomization process, a dynamic balance of liquid holdup is expected in the jet expansion channel for liquid input by syphoning and liquid removal by blowing gas jet flow. The amount of liquid hold up could increase with the liquid viscosity due to increased difficulty of liquid removal, leading to stronger syphon force as needed to keep up with the liquid aspiration rate. Consequently, the Collison-type pneumatic atomizer can process inks with a wide range of viscosity values for comparable output mist density, which is quite desirable for various Aerosol Jet® applications.
As intuitively expected, experimental data supports the notion of existence of an upper limit for liquid holdup in the limited space of jet expansion channel; therefore, the output mist density cannot increase indefinitely by increasing the atomization gas flow rate. But its mechanical simplicity (i.e., without moving parts and active pump) and insensitivity to liquid rheological properties make the Collison nebulizer an attractive means for atomization in the Aerosol Jet ® direct-write system for additive manufacturing.
